Introduction 67
Shiga toxin-producing Escherichia coli (STEC) serotype O157:H7 is a zoonotic pathogen that causes 68 gastrointestinal symptoms in humans. A sub-set of patients (mainly children and the elderly) are at 69 risk of developing haemolytic uremic syndrome (HUS), a potentially fatal systemic condition primarily 70 associated with acute renal failure, cardiac and neurological complications [1] . STEC O157:H7 71 emerged as a public health concern during the early 1980s and was first isolated in the United Kingdom 72 in July 1983 from three cases linked to an outbreak of HUS [2] . Throughout the 1980s, the increasing 73 number of outbreaks of gastrointestinal disease and HUS associated with this serotype, stimulated 74 the development of sub-typing methods that provided a higher level of strain discrimination than 75 serotyping. In the late 1980s, a phage typing scheme, developed by the Canadian Public Health 76 Laboratory Service was adopted by Public Health England (PHE, then the Public Health Laboratory 77 Service) [3] , and is still used today. In 2015, PHE implemented whole genome sequencing (WGS) for 78 routine surveillance of STEC O157:H7 in England [4] . 79
80
The primary STEC virulence factor is the Shiga toxin (Stx), which targets cells expressing the glycolipid 81 globotriaosylceramide, disrupting host protein synthesis and causing apoptotic cell death. Strains of 82 STEC O157:H7 in the UK produce stx1a, stx2a and stx2c, either individually or in any combination [5] . 83
Strains harbouring stx2a, either alone or in combination with stx1a and/or stx2c are significantly 84 associated with causing severe disease, including HUS [5, 6] and are associated with more efficient 85 transmission within the ruminant reservoir [7] . The genes encoding the stx subtypes are located on 86 active bacteriophage that can be acquired and integrated into the chromosome of STEC O157:H7 87 strains. There is evidence that the different prophage backgrounds that harbour stx genes can 88 contribute to differential toxin production and may ultimately affect clinical outcome [8] . 89 90 There are three main lineages of STEC O157:H7 (I, II and I/II) and eight sub-lineages (Ia, Ib, Ic, IIa, IIb, 91 IIc, I/IIa and I/IIb). In the UK, the outbreaks of STEC O157:H7 in the 1980s were caused by strains 92 belonging to sub-lineage Ia (mainly comprising phage type (PT)1 and PT4), sub-lineage I/IIa 93 (comprising PT2), and sub-lineage I/IIb (comprising PT49) [9] . Throughout the 1990s, these three 94 lineages declined and all but disappeared. Concurrently, we observed a dramatic rise of sub-lineage 95 Ic (mainly comprising PT21/28), in addition to a steady increase in the number of cases of sub-lineage 96 IIc (mainly comprising PT8) [5, 9] . Since 2012, the number of cases of PT21/28 has declined and an 97 unusual PT8 variant belonging to sub-lineage IIb has emerged [10] . 98
99
With the exception of sub-lineage IIc (PT8), which is not associated with HUS cases in the UK [5], all 100 the dominant UK sub-lineages over time encode stx2a, and the acquisition of a stx2a-encoding 101 bacteriophage appears to have coincided with their respective emergences [5, 10] . The aim of this 102 investigation was to use Oxford Nanopore Technology (ONT) to sequence, characterise and compare 103 the stx-encoding prophage harboured by each of the UK sub-lineages to determine the similarity of 104 the stx-encoding prophage acquired by each lineage. Studying the nature of the stx-encoding 105 bacteriophage will contribute to our understanding of the emergence of highly pathogenic strains of 106 STEC O157:H7. 107 108
Methods 109

Bacterial strains 110
Six strains of STEC O157:H7 were selected for sequencing from the PHE archive on the basis of being 111 the earliest representative of each of the sub-lineages that acquired the stx2a-encoding prophage 112 (Table 1) . Eleven publicly available sequences were also included in the analysis for context. Of these, 113 seven originated from the UK, five were the cause of four published outbreaks [11, 12, 13, 14] [29] was used with the Illumina reads for two cycles to produce a final assembly for each of the 154 samples. As the chromosome from each assembly was circularised and closed, they were re-155 orientated to start at the dnaA gene (NC_000913) from E. coli K12, using the --fixstart parameter in Six of the isolates analysed in this study, contained a prophage encoding stx1a (Table 1 and Figure 3 ). 203
The stx1a-encoding prophage from the isolate belonging to sub-lineage Ia PT4 (E30228), among the 204 first to be isolated in the UK in 1983, shared similarity with stx1a-encoding prophage found in EDL933 205 and Sakai, two international outbreak strains that also belonged to sub-lineage Ia ( Table 1 and . This is consistent with the strains analysed in this study encoding a similar 212 stx1a prophage, despite being isolated at different times and geographical locations. 213
214
The stx1a-encoding prophages from three isolates belonging to sub-lineage IIc associated with 215 foodborne outbreaks in the UK [11,12] cluster together based on Mash distance but were distinct from 216 the stx1a-encoding prophages harboured by the sub-lineage Ia strains described above. As previously 217 described by Shaaban et al. (2017) [34], two of these strains (664 PT8 and 180 PT54) linked to a 218 foodborne outbreak in Northern Ireland in 2013 [12] had an additional but different stx1a-encoding 219 prophage within the same chromosome (Figure 3) . Therefore, three different stx1a-encoding 220 prophages in two different lineages (Ia and IIc), were identified in this study (Figures 3 and 4) . 221
222
Comparison of stx2c-encoding prophage 223
Nine isolates from four different sub-lineages (Ic, I/IIa, IIa and IIc) contained stx2c-encoding prophage. 224
The stx2c-encoding prophage from each isolate clustered together based on Mash distance and also 225 aligned across the length of the prophage with few structural variations (Figure 4) . The stx2c prophage 226 from strains within the same sub-lineage were more similar based on Mash distance then stx2c 227 prophage in strain from different lineages ( Table 1 and Examples included (i) the two sub-lineage Ic PT21/28 isolates from the UK, (ii) the two sub-lineage I/IIa 237 PT2 isolates from the UK and (iii) the two isolates from sub-lineage I/lla from the USA ( Table 1 and  238 Figures 2 and 5). Isolates designated E30228 and EDL933, both sub-lineage Ia and temporally related 239 but geographically distinct, also encoded similar stx2a-encoding prophage ( Table 1 and (Figures 2 and 4) . and HUS in humans in the UK for the next two decades. The stx2c-encoding prophage in lineage Ic 263 had high sequence similarity to stx2c-encoding prophage in the other isolates analysed in this study 264 and shared the same SBI, sbcB (Table 1, Figures 1 and 4) . However, the stx2a-encoding prophage 265 acquired by sub-lineage Ic once again differed from those found in the three sub-lineages circulating 266 in the previous decade (Table 1, Figures 1 and 5) . Stx1a yehV n/a n/a n/a n/a n/a Recombination/replication genes shown in light blue, regulation associated genes in dark blue.
Effector genes shown in pink, structure and lysis associated genes shown in light and dark green respectively and tRNAs shown as purple lines, finally grey are hypothetical genes. 
